Summary Large areas of forests in the Pacific Northwest are being transformed to younger forests, yet little is known about the impact this may have on hydrological cycles. Previous work suggests that old trees use less water per unit leaf area or sapwood area than young mature trees of the same species in similar environments. Do old forests, therefore, use less water than young mature forests in similar environments, or are there other structural or compositional components in the forests that compensate for tree-level differences? We investigated the impacts of tree age, species composition and sapwood basal area on stand-level transpiration in adjacent watersheds at the H.J. Andrews Forest in the western Cascades of Oregon, one containing a young, mature (about 40 years since disturbance) conifer forest and the other an old growth (about 450 years since disturbance) forest. Sap flow measurements were used to evaluate the degree to which differences in age and species composition affect water use. Stand sapwood basal area was evaluated based on a vegetation survey for species, basal area and sapwood basal area in the riparian area of two watersheds. A simple scaling exercise derived from estimated differences in water use as a result of differences in age, species composition and stand sapwood area was used to estimate transpiration from late June through October within the entire riparian area of these watersheds. Transpiration was higher in the young stand because of greater sap flux density (sap flow per unit sapwood area) by age class and species, and greater total stand sapwood area. During the measurement period, mean daily sap flux density was 2.30 times higher in young compared with old Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) trees. Sap flux density was 1.41 times higher in young red alder (Alnus rubra Bong.) compared with young P. menziesii trees, and was 1.45 times higher in old P. menziesii compared with old western hemlock (Tsuga heterophylla (Raf.) Sarg.) trees. Overall, sapwood basal area was 21% higher in the young stand than in the old stand. In the old forest, T. heterophylla is an important co-dominant, accounting for 58% of total sapwood basal area, whereas P. menziesii is the only dominant conifer in the young stand. Angiosperms accounted for 36% of total sapwood basal area in the young stand, but only 7% in the old stand. For all factors combined, we estimated 3.27 times more water use by vegetation in the riparian area of the young stand over the measurement period. Tree age had the greatest effect on stand differences in water use, followed by differences in sapwood basal area, and finally species composition. The large differences in transpiration provide further evidence that forest management alters site water balance via elevated transpiration in vigorous young stands.
Introduction
Forest management in the Pacific Northwest has led to large shifts in stand ages. In western Oregon forests, for example, almost 20% of the total 4.6 million hectares of forest was clear-cut between 1972 and 1995 (Cohen et al. 2002) . Fundamental differences in structure and composition that alter ecosystem function occur as a consequence of changes in the age class of forest cover. We examined whether such changes can alter stand-level transpiration. Because evapotranspiration is such a large component of the water budget in forested lands (Hewlett 1982) , it is critical to understand how changes in transpiration, combined with other elements of the water cycle, affect site water balance.
There are multiple reasons why young mature trees can potentially transport water more efficiently (i.e., more flow per unit leaf area or cross-sectional sapwood area) than old trees of the same species in similar environments. For example, changes in stem and branch hydraulics with age Gartner 2001, McDowell et al. 2002b ) may decrease the maximum rate at which old trees can transport water and increase stomatal sensitivity to vapor pressure deficit (Hubbard et al. 1999) . Evidence suggests that old Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) and Pinus spp. have lower wholetree leaf-specific hydraulic conductances than young trees of the same species (Yoder et al. 1994 , Hubbard et al. 1999 , and are more vulnerable to cavitation (Domec and Gartner 2002) . However, decreased leaf area:sapwood area ratio with age (a l :a s , McDowell et al. 2002a) tends to offset the differences in whole-tree leaf-specific hydraulic conductance. Some age-or size-related changes in water use can be attributed to factors directly associated with height, such as the pressure gradient due to gravity and increased hydraulic resistance Yoder 1997, Ryan et al. 2000) . Also, as trees progress from juvenile to young mature stages, roots may access increasingly deeper water reserves (Irvine et al. 2002) , although this process may only be important during the early developmental stages.
If young mature trees use more water per unit sapwood area than old trees, do young mature forests use more water than old-growth forests on a ground area basis, or do changes in species composition or stand density compensate for the agerelated changes? Changes in species composition with stand age may affect stand-level transpiration independently of changes in stand-level sapwood area or leaf area. There is abundant evidence for physiological differences between species at the leaf scale (e.g., Running 1976, Bond and Kavanagh 1999) . At the whole-plant scale, sap flow measurements have revealed that co-occurring species respond differently to drought (Cienciala et al. 1998) , with varying sensitivities to soil water content and vapor pressure deficit (Pataki et al. 1998 (Pataki et al. , 2000 . Different species may also access different soil water reserves (Èermák et al. 1995 , Cienciala et al. 1998 , Stratton et al. 2000 . However, it is not known if differences between species at the leaf and whole-tree levels result in differences at the stand scale.
The magnitude and seasonal timing of water use in Pacific Northwest forests may change as species composition changes through succession Hemstrom 1981, Bredensteiner 1998) . In the Pacific Northwest and many temperate ecosystems, young mesic or riparian forests typically have a greater abundance of angiosperms compared with older, late successional forests. Mesic angiosperms typically have the ability to transport more water per unit of sapwood area than conifers because their xylem contains vessels whereas conifer xylem does not (Jarvis 1975) . Because deciduous angiosperms are leafless during the winter, potential transpiration varies more widely in deciduous forests than in coniferous forests as a function of seasonal dynamics in leaf area, although large changes in leaf area may also occur from spring through fall in coniferous forests as new needle cohorts are formed and the oldest needle cohorts are lost. In contrast with young forests, late successional forests are increasingly dominated by slowgrowing shade-tolerant species. Slow-growing species probably use less water-at least while they are in the understory-although it is not known what happens when they become components of the overstory.
Total basal area is typically much higher in old forests than in young forests, but sapwood basal area may be less (Dunn and Connor 1993) . At the stand scale, forest succession leads to differences in tree spacing and crown diameters that can either increase or decrease transpiration. As forests age, selfthinning reduces stem density after canopy closure occurs, which alters stand-level a l :a s while tree diameters gradually increase (Callaway et al. 2000) . Thinning experiments have demonstrated that trees compensate for reduced stem density by expanding crowns and increasing a l :a s (Whitehead et al. 1984 , Morikawa et al. 1986 .
Other structural differences between young and old forests may also be important to transpiration. For example, the profound changes in both the amount and vertical distribution of leaf area that can occur as stands age can alter canopy conductance. Leaf area index (LAI) typically increases with stand age, but LAI declines in some late successional forests . Leaf area index is often considered the most important determinant of differences in transpiration among different forest stands (Hewlett 1982) . Generally, young forests (e.g., P. menziesii forests of the Pacific Northwest) have most of their leaf area in a single canopy layer, whereas old-growth forests are characterized by more evenly distributed vertical leaf area profiles (Parker et al. 2002) . These changes in stem and leaf distribution may have marked effects on transpiration from canopies. In this study, we considered changes in LAI but not distribution of leaf area within canopies.
The objectives of this study were to evaluate the effects of P. menziesii age, species composition and sapwood area on transpiration in the riparian areas of two forests, an old-growth coniferous stand (about 450 years since disturbance) and a vigorously growing young coniferous stand (about 40 years since disturbance). We used a simple scaling exercise to estimate potential differences in water use at the stand level, based on the general approach:
where E is transpiration, or sap flow per unit ground area, f is sap flux density and A is sapwood area per unit ground area. We predicted that younger P. menziesii trees would exhibit higher sap flux densities during the growing season than old trees, based on previous evidence in similar forests . There is evidence, as cited above, to suggest that angiosperms (more abundant in young forests) may use more water per unit sapwood than conifers. Shade-tolerant species (more abundant in old forests) use less water per unit sapwood while in the understory than shade-intolerant species, but it is unknown whether these differences persist when the shadetolerant species emerge into the overstory. Total basal area is greater in older stands than in younger stands, but sapwood basal area and LAI could be either greater or less. This case study was designed to examine these structural and compositional alternatives in a 40-and a 450-year-old riparian forest.
Methods

Study area
Our study was conducted at the H.J. Andrews Experimental Forest, located in the western Cascades of central Oregon, USA (44.2°N, 122.2°W) . Two main study sites were established in riparian areas (defined here as within a 100-m swath centered on the stream within which the vegetation survey was conducted) of adjacent watersheds (Figure 1 ). The vegetation of Watershed One (WS01) was harvested in the mid 1960s; the regenerating young forest consists primarily of P. menziesii, but also has a significant angiosperm component. Watershed Two (WS02), whose last major disturbance occurred around 450 years ago, has a mix primarily of old-growth P. menziesii and western hemlock (Tsuga heterophylla (Raf.) Sarg.). Swanson and James (1975) 
Xylem sap flow
During the growing season, sap flow was measured with constant-heat sap flow sensors (Granier 1987) in seven P. menziesii and seven red alder (Alnus rubra Bong.) trees in the young stand, and in three P. menziesii and three T. heterophylla trees in the old stand. Power was supplied by solar panels. The need for close access to a canopy gap for maximum solar exposure restricted our sampling design. Trees were selected along a 60-m transect normal to the stream near the base of each watershed (see Figure 1 ). Sensors were installed at two to five positions around the circumference of each tree at radial depths of 0 to 20 (outer sapwood) or 20 to 40 mm (inner sapwood) at a height of~0.5 m in the young trees and~5 m in the old growth trees in order to minimize potential influences of buttressing. More extensive radial and circumferential sampling in individual trees offset the lower sample size of trees in the older stand. Specific information about individual measurement trees is presented in Table 1 . Instantaneous measurements taken at 30 s intervals were averaged every 20 min and recorded on a data logger (CR10X, Campbell Scientific, Logan, UT).
We scaled measurements from individual sensors to mean whole-tree flux per unit sapwood per day. First, sapwood depths were measured at the height of the sap flow sensors on each tree by visual examination of a 5 mm-diameter core (Table 1). For A. rubra, a 0.2% safranin dye injection was used to facilitate visual assessment of sapwood depth. To account for radial patterns in sap flux, in T. heterophylla, a linear decline to zero was used to estimate fluxes in sapwood between 20 mm and the heartwood boundary based on our own observations from these trees plus an additional six trees with radial profiles of flow measured at 20, 50, 100 and 150 mm (F. Meinzer, unpublished data) with variable length constant heat sensors (James et al. 2002) . In P. menziesii, the relationship between inner ring sap flux (15-35 mm beneath cambium) to outer ring sap flux (0-20 mm beneath cambium) and diameter at breast height (DBH) from Phillips et al. (2002) was used to account for radial patterns in sap flux. Our observations of radial patterns of sap flux in P. menziesii fell within the range reported by Phillips et al. (2002) . We assumed that there was no change in flux between the depth of the inner sensor and the heartwood boundary. Because sapwood depth is rarely much greater than 40 mm in P. menziesii (the range in the trees we measured was 28 to 56 mm), any errors introduced will be small. In A. rubra, the average relationship between inner ring sap flux (20-40 and 40-60 mm beneath cambium) and outer ring sap flux (0-20 mm beneath the cambium) in the four trees with inner sensors (Table 1) summed the fluxes for each sapwood depth to estimate total flux per tree. Finally, for all species, total flux per tree was divided by total sapwood area to estimate mean flux per unit sapwood area for each tree. These calculations were performed for each 20-min time step. Total daily fluxes are the summation of the 20-min observations. This paper focused on daily totals because of our primary interest in differences in seasonal stand-level water use. Details of water flux dynamics at the sub-daily level will be presented in a future paper. In some cases, especially late in the season when the number of sensors was restricted by power limitations, individual sensors were not functional over periods of several days. We interpolated to fill the missing data (around 10%) based on relationships among the sensors when all functioned properly.
Estimates of sap flow based on the constant heat measurement approach are sensitive to natural temperature gradients between sensors in the absence of applied heat (Do and Rocheteau 2002) . The maximum potential effect on sap flow estimates caused by background temperature gradients was evaluated and found to be detectable yet small. Based on measurements taken of background temperature gradients during six, warm sunny days in July, we found that sap flow may be underestimated by a maximum of 3.7 ± 0.5 and 0.2 ± 0.5% per day in young and old P. menziesii, respectively, and overestimated by a maximum of 6.0 ± 1.1% in T. heterophylla during the month of July. Therefore we did not correct estimated sap flow for errors caused by temperature gradients.
Vegetation survey
To estimate species composition and sapwood basal area in the study areas, we sampled vegetation along transects that ran normal to the stream at the same distance from the stream as the sap flow transects (Figure 1 , rectangular bars). In WS01, 50-m transects containing five contiguous 10 × 10 m plots were established about every 200 m on alternating north and south sides of the stream, beginning at a random location near the mouth of the watershed for a total of seven transects. In WS02, 60-m transects containing three contiguous 20 × 20 m plots were established about every 200 m on the north and south sides of the stream, beginning at a random location near the mouth of the watershed for a total of six transects. We used a larger plot size in the old growth stand because the trees were much larger than the trees in the young stand. All of the above spatial dimensions are given in horizontal distances (i.e., corrected for slope angle). In each plot, species and DBH (1.37 m) were recorded for each woody plant greater than 0.01 m in diameter. In each plot, for each species larger than about 0.08 m DBH, height and sapwood depth (based on visual inspection of a 5 mm-diameter tree core) were recorded for up to five individuals. For each tree in each plot, sapwood basal area was calculated or estimated based on measured trees. Estimated sapwood basal area was categorized into functional groups representing the classes we used for sap flow measurements: gymnosperms and angiosperms in the young stand, and P. menzesii, T. heterophylla and angiosperms in the old stand. (Frazer et al. 2000) . Stem interference was accounted for by subtracting the wood area index (W), which was estimated from the vegetation survey in the young stand (W = 0.525) and old stand (W = 0.746), based on the methods from Law et al. (2001) .
Scaling up to the riparian area
Results of sap flow measurements and the vegetation survey were combined to estimate vegetation water use in the entire riparian area of each study watershed based on species-specific versions of Equation 1:
and
The area used for sap flux density ( f ; kg m -2 day -1 ) measurement is different from the area used for estimating sapwood basal area (A; m -2 ha -1 ) and only represents a small fraction of the sapwood basal area in the stand. This was a consequence of the limited power supply for sap flow measurements, and admittedly may produce errors in extrapolating the sap flow data, but at least the approach was similar for the two watersheds. Sap flow of young ( y ) P. menziesii (PSME) was used to estimate water use by all gymnosperms (GYM) in the young stand (P. menziesii constitutes 90% or more of gymnosperm basal area). Sap flow of A. rubra (ALRU) in the young stand was used to estimate water use by all angiosperms (ANG) in both the young and old ( o ) stands. We acknowledge that using A. rubra to represent all angiosperms is not ideal, but our experimental capability precluded observations on more species. The only other prevalent angiosperms in the young stand are vine maple (Acer circinatum Pursh) and big-leaf maple (Acer macrophyllum Pursh), which together comprised less than 20% of total basal area. Sap flux of A. rubra was measured only in 1999, so a relationship was established to predict A. rubra sap flux in the year 2000 (Days 175 to 301) based on the ratio between A. rubra and P. menziesii in 1999: where t is day of year between Days 182 and 251 (n = 62, r 2 = 0.78, P < 0.0001). It was necessary to include t in this equation to allow for seasonal differences. Mean sap flow of old P. menziesii and old T. heterophylla (TSHE) was used to estimate water use by the remaining gymnosperms in the old stand (P. menziesii and T. heterophylla combined constituted 90% or more of gymnosperm basal area).
Statistical analyses
Sapwood areas (A) for individual trees of each species were predicted with least squares regression models from either diameter or total cross-sectional area of wood (basal area, BA). The choice of a linear versus a nonlinear model, and the choice of independent variables, differed for each species in order to obtain the model with the best predictive power for each species. We applied a linear model except where a power function gave a better fit. The small-diameter species, particularly angiosperms such as A. circinatum, rhododendron (Rhododendron macrophyllum L.) and California hazel (Corylus cornuta Marsh. var. californica (A. DC.) Sharp) were assumed to be entirely sapwood, minus the estimated bark depth. The same was also assumed for small individuals of other species (P. menziesii and A. macrophyllum in the young stand) with diameters less than 6 cm. Linear equations (A = a + bBA) were used for bitter cherry (Prunus emarginata Dougl. ex Hook.) and A. macrophyllum in the young stand and P. menziesii in the old stand (r 2 = 0.80, 0.71 and 0.48, respectively), which were used to predict sapwood areas only in small individuals (sapwood areas in all large trees were measured directly). Power function equations (A = a + bBA c ) were used for all other species (for P. menziesii and T. heterophylla combined for the young stand and T. heterophylla, pacific yew (Taxus brevifolia Nutt.), A. macrophyllum and western redcedar (Thuja plicata J. Donn ex D. Don) in the old stand, r 2 = 0.94, 0.91, 0.79, 0.68 and 0.91, respectively). The model for P. menziesii in the old stand was used only to predict the sapwood area of eight trees out of the 32 total for that species; sapwood area of the rest was measured directly.
The significance of differences in LAI among sites and in mean sap flow among measurement trees of each species or age class on each day was determined by a t-test.
Results
Variations in water use per unit sapwood area based on tree age and species
Over the measurement period, we noted a seasonal decline in light (Figure 2a) , vapor pressure deficit (Figure 2b ) and sap flux density (Figure 3 ) for all species and both ages of P. menziesii. Mean sap flux density was 2.30 times higher in young P. menziesii than in old P. menziesii on a daily basis (Figure 3a ) from late June until late October 2000 (Days 175-301, SE = 0.017 kg m -2 day -1 ). Significant differences were observed during the majority of the measurement period except for rainy or cloudy days when sap flow was low (Figures 2 and 3) . The rate of change in sap flow over the measurement period was much greater for young P. menziesii than for old P. menziesii ( Figure 3a) ; thus, it may be inferred that young trees were more responsive to climatic variability than old trees. Tree-to-tree variation was quite large, especially in old growth trees (coefficient of variation, CV = 0.42 and 0.63 in young and old trees, respectively).
Mean sap flux density was 1.41 times higher in young A. rubra than in young P. menziesii (Figure 3b ) from early July until early September 1999 (Days 182-251, SE = 0.017 kg m -2 day -1 ). Water use by A. rubra declined only slightly through the season compared with water use by P. menziesii, and thus water use by A. rubra (and, we infer, angiosperms in general) comprised an increasing proportion of vegetation water use in the young stand throughout the growing season. The difference was statistically different (P < 0.05) starting in late July (Day 207) and continuing thereafter. Sap flux density in A. rubra reached a maximum almost a month later than in P. menziesii. Tree-to-tree variation was slightly higher in P. menziesii than in A. rubra throughout the measurement period (CV = 0.37 and 0.36 in P. menziesii and A. rubra, respectively).
Mean sap flux density was 1.45 times higher in old P. menziesii than in old T. heterophylla (Figure 3c ) from late June until late November 2000 (Days 168-325, SE = 0.010 kg m -2 day -1 ). Pseudotsuga menziesii consistently used more water on a daily basis throughout most of the growing season, but water use declined more steeply in P. menziesii than in T. heterophylla over the season. As a result, T. heterophylla used slightly more water than P. menziesii at the end of the season (Figure 3d) . Because of the small sample size and high treeto-tree variation, this difference was statistically significant only during early summer (Days 168-177). Tree-to-tree variation was especially large in P. menziesii (CV = 0.62 and 0.34 in P. menziesii and T. heterophylla, respectively).
We found no trends in the relationship between mean seasonal sap flux density and sapwood basal area of individual trees within species (Figure 4) . Rather, values tended to group within age categories (Figure 4) . Overall, differences in sap flux density between tree ages (measured in P. menziesii only) were greater than those between trees of different species but similar age. There was a slightly greater difference between the two old growth conifer species than between young A. rubra and young P. menziesii trees. 
Variations in basal area and sapwood area
Tree size was distributed normally in the young stand but bimodally in the old stand, indicating a more pronounced understory component; however, more than 40% of the basal area was in the largest 20% of the trees in the old stand (Figure 5) .
There was more than twice as much total basal area in the riparian area in the old stand than in the young stand (85.8 versus 33.3 m 2 ha -1 ; Figure 6a ). In contrast, estimated sapwood basal area in the riparian area of the young stand was 21% greater than in the riparian area of the old stand (Figure 6b ) as a result of the large amount of heartwood in old growth trees. Old gymnosperms had much less sapwood per unit basal area than young gymnosperms or angiosperms (Figures 6e and 6f) .
In the riparian area of the young stand, angiosperms had over six times more sapwood basal area than in the old stand (Figure 6d ). In the young stand, P. menziesii comprised almost 100% of the coniferous sapwood basal area and 64% of the total sapwood basal area, whereas in the old growth stand, T. heterophylla comprised 62% of the coniferous sapwood basal area and 58% of the total sapwood basal area. This is in contrast to the total basal area (sapwood plus heartwood) of T. heterophylla and P. menziesii in the old stand, where P. menziesii made up 64% of the coniferous basal area. This is because sapwood depth of P. menziesii was small (average of 7% of bole radius), whereas T. heterophylla had thick sapwood (average of 50% of bole radius) (Figure 6e ). Because T. heterophylla dominance is associated with late successional forests in the Pacific Northwest (Franklin and Hemstrom 1981) , the TREE PHYSIOLOGY ONLINE at http://heronpublishing.com STRUCTURAL AND COMPOSITIONAL CONTROLS ON WATER USE 487 Figure 4 . Relationship between mean seasonal sap flux density (kg m -2 day -1 ) for individual trees equipped with sap flow sensors and sapwood basal area (m 2 ). Note that trees in the young stand (circled at left) seem to group together, as do trees in the old stand (circled at right), but there is no clear trend within species. Abbreviations: PSME y = young P. menziesii; ALRU y = young A. rubra; PSME o = old P. menziesii; and TSHE o = old T. heterophylla. large T. heterophylla component in the old stand indicates that this stand is in the stages of late succession. Alnus rubra, Acer macrophyllum and Acer circinatum make up the majority of angiosperms in both stands, but are a much smaller component of the old stand. Additionally, Rhododendron, almost nonexistent in the young stand, is a significant component of the old stand angiosperms, albeit a small component of sapwood basal area.
Leaf area index
Leaf area index was about 14% higher (P = 0.04) in the old stand (12.1 ± 0.3) than in the young stand (10.6 ± 0.5) on July 30. Similar values were obtained on May 25 and August 30, although on these dates, the measurements were not statistically different between the stands (P > 0.05; 9.5 ± 0.4 and 10.5 ± 0.5 for the young and 11.0 ± 0.5 and 11.5 ± 0.4 for the old stand, respectively). No phenological trend in LAI was detected over the measurement period. Our LAI estimates in both stands average about 1 to 3 larger than those determined by others for similar stands (M. Lefksky and O. Sun, Oregon State University, unpublished data, Thomas and Winner 2000, Turner et al. 2002) . This may be a measurement error rather than a real difference associated with stem interference and branch clumping. Measurements with the LAI 2000 instrument are known to have errors of 15 to 20% under typical forest conditions (J. Welles, Li-Cor, personal communication).
Scaling-up tree water use to the riparian area
Estimated tree water use was 3.27 times greater in the young stand than in the old stand during the period from late June until late October 2000 (Days 175-301, Figure 7 ). All three factors considered in this study, P. menziesii age, species composition and sapwood area, contributed to this large difference. The seasonal trends for the two stands were similar, declining steadily through the measurement period. At low vapor pressure deficit, the difference in transpiration between the two stands was much smaller than at high vapor pressure deficit (Figure 8 ).
Discussion
As shown previously , sap flux density was greater in young mature P. menziesii than in old growth P. menziesii trees. The age and size-related differences were much greater in our study than those reported previously . We speculated that other structural and compositional characteristics of the stands would compensate for the change in tree-level water use. However, on the contrary, we found that greater sapwood basal area and a larger component of angiosperms in the young stand only increased the total water use of that ecosystem compared with the oldgrowth ecosystem. Alnus rubra had greater sap flux density than P. menziesii in the young stand, consistent with previous comparisons of mesic angiosperms versus gymnosperms (Jarvis 1975) . Shade-tolerant species (overstory T. heterophylla) , in addition to growing more slowly, had less sap flux density than P. menziesii in the old stand, but T. heterophylla had much greater sapwood area per unit basal area. Also, total sapwood basal area was significantly greater in the young stand than in the old stand.
The lower sap flux density early in the season in T. heterophylla than in P. menziesii (Figure 3c ), could be partially attributed to its slightly smaller mean height and thus partial shading by adjacent trees. However, if this were entirely the case, we would expect the differences to intensify in the late summer as the solar zenith increases. Instead, sap flux density in T. heterophylla became more similar to that of P. menziesii as the season progressed, eventually surpassing it (Figure 3d) . A possible explanation for these seasonal differences is that T. heterophylla is less sensitive to vapor pressure deficit than P. menziesii, but at high vapor pressure deficits, stomatal conductance is higher in T. heterophylla than in P. menziesii (Waring and Franklin 1979) . However, it is also possible that rooting or hydraulic differences account for these seasonal differences. We predicted that T. heterophylla, which is shade tolerant, uses less water when it is in the understory compared 488 MOORE ET AL.
TREE PHYSIOLOGY VOLUME 24, 2004 with overstory P. menziesii. However, our results indicate that the differences between species may persist when T. heterophylla emerges into the overstory and receives full sunlight, suggesting that the physiological adaptations associated with shade tolerance are maintained when an individual reaches overstory status.
Our estimates of basal area in the investigated stands (34 and 86 m 2 ha -1 in the young and old stand, respectively) compare well with those made in similar aged stands in other studies carried out in the Pacific Northwest. Within the old growth plot, slightly higher estimates of P. menziesii basal area (66 and 67 m 2 ha -1 ) and slightly lower estimates of T. heterophylla basal area were found (21 and 8 m 2 ha -1 ; Dyrness and Acker 1999 (http://www.fsl.orst.edu/lter/)) compared with our study. These survey plots contained proportionately less riparian area, consistent with a lower density of T. heterophylla. Franklin and Hemstrom (1981) for old growth stands (Spies and Franklin 1991 , Cohen et al. 1995 , Means et al. 1999 .
Alnus rubra constituted 18% of the angiosperm sapwood basal area in the young stand and 6% of the angiosperm sapwood basal area in the old stand. Use of A. rubra from the young stand to represent angiosperms in the old stand introduced little error, because hardwoods are a small component (7%) of the sapwood basal area in the old stand-especially for overstory trees, where it is essentially zero. Power limitations also inhibited adequate sampling of the magnitude and variation in sap flow among understory species in the old stand. Because these trees receive low or patchy light, we predict that they use significantly less water than their overstory counterparts.
It is often assumed that LAI is the most important determinant of differences in transpiration among forest stands (Hewlett 1982) . In models of forest transpiration, LAI often plays a theoretical role in determining differences among forest stands (Running and Coughlan 1988, Williams et al. 1996) . This was not the case in our study. Although we noted a small increase in LAI in the older stand, estimated transpiration was actually lower in the old than in the young stand. Several chronosequence studies have found a decline in leaf area in older forests . In forests of similar type and age, others have found LAI to be about 2 less in old compared with young P. menziesii-T. heterophylla forests (M. Lefksky and O. Sun, unpublished data). However, despite the small changes in LAI with forest age, there appears to be a general trend toward reduced transpiration in old growth stands. Maximum transpiration rates reported in the literature for 20-to 60-year-old conifer stands ranged between 1.8 and 3.9 mm day -1 (mean = 3.0 mm day -1 ; Morikawa et al. 1986 , Granier et al. 1990 , Martin et al. 1997 , Alsheimer et al. 1998 , Irvine et al. 1998 , Roberts et al. 2001 ). In contrast, in conifer forests over 240 years of age, maximum transpiration ranged between 0.4 and 1.5 mm day -1 (mean = 0.9 mm day -1 ; Zimmermann et al. 2000 , Irvine et al. 2002 , Unsworth et al. 2004 ). There must be some explanation other than LAI for transpiration differences between young and old stands.
In a meta-analysis of 13 whole-tree studies, McDowell et al. (2002a) found that the ratio between leaf area and sapwood area (a l :a s ) is typically reduced as trees grow taller and older. They proposed that the change in a l :a s could at least partially compensate for the impact of increased height on leaf-specific hydraulic conductance. McDowell et al. (2002a) noted two exceptions to the general trend of decreasing a l :a s with increasing tree height. In both of these studies, a l :a s was calculated from stand-level surveys in stands that included an abundance of shade-tolerant species, such as Norway spruce (Picea abies (L.)) or balsam fir (Abies balsamea (L.) Mill.). Our study appears consistent with these exceptions. Given that we found that sapwood basal area was substantially lower in the old growth stand than in the young stand, the slightly higher LAI in the older stand means that a l :a s was greater in the old stand than in the young stand (0.67 and 0.47 m 2 cm -2 , respectively).
It is possible that, during late succession, the emergence of shade-tolerant species with a high a l :a s caused stand-level a l :a s to change in the opposite direction from the tree-level trends that occur as early successional species reach maturity (McDowell et al. 2002a ).
Implications for land use
Evapotranspiration by forest canopies influences seasonal hydrologic trends in the Pacific Northwest (Jones 2000, Post and Jones 2001) . Our study indicates that the many changes in the structure and composition of forests as they age may significantly decrease evapotranspiration. Our previous findings and those of others suggest that stream flow in watersheds covered by young stands is dynamically influenced by rapidly transpiring young vegetation (Bren 1997 . However, water use by dominant tree species alone presents an incomplete picture of how stream flow volumes during low stream flow in summer are impacted by forest management practices (Hicks et al. 1991) . We found that the largest differences in water use between young and old stands occurred during late spring, but that differences persisted throughout the measurement period (Figure 7) , corresponding with the period of low stream flow. Trends in stream flow after harvest in managed forests have demonstrated that stream flow can be reduced to below preharvest values in young regenerating stands during periods of low stream flow (Hicks et al. 1991 , Lane and Mackay 2001 , Perry et al. 2001 . Few studies have directly evaluated the role of transpiration by forests, independent of evaporation, on water yield (but see Vertessy et al. 2001) . We intend to explore relationships between transpiration and water yield in further analyses using existing stream flow data from these sites.
Conclusions
We posed two questions. If young mature trees use more water per unit sapwood area than old trees, do young mature forests use more water than old growth forests on a ground area basis, or, do changes in species composition or stand density compensate for the age-related changes? We found evidence that all three factors investigated (age-related changes in wholetree hydraulic conductance, species-related differences in water use, and structurally related changes in sapwood area distribution within stands) contribute to decreased stand-level water use with stand age. Each factor alone led to increases in transpiration in the young stand compared with the old growth forest, but when combined, they accrued large differences between old and young stands. Holding all else constant and substituting into Equations 2 and 3, we were able to rank these three factors according to their relative impact on stand transpiration. For example, if sap flux density of P. menziesii in the young stand was the same as that of P. menziesii in the old stand (f PSMEy = f PSMEo ), young stand transpiration would be reduced by 32%. We found that P. menziesii age had the greatest effect on stand-level differences in water use, followed by differences in sapwood basal area, and finally species composition.
